The current availability of new advanced fiber and DPSS lasers with characteristic pulse lengths ranging from ns to fs has provided a unique frame in which the development of laser-generated microstructures has been made possible for very diverse kinds of materials and applications. At the same time, the development of the appropriate laser-processing workstations granting the appropriate precision and repeatability of the respective laser interaction processes in line with the characteristic dimension features required in the microstructured samples has definitively consolidated laser surface microstructuring as a reference domain, nowadays, unavoidable for the design and manufacturing of current use microsystem: MEMSs, fluidic devices, advanced sensors, biomedical devices and instruments, etc., are all among the most well-known developments of the micromanufacturing technology. Completing the broad spectrum of applications developed mostly involving the generation of geometrical features on a subtrate with specific functional purposes, a relatively new, emerging class of lasermicrostructuring techniques is finding an important niche of application in the generation of physically structured surfaces (particularly of metallic materials) with specific contact, friction, and wear functionalities, for whose generation the concourse of different types of laser sources is being found as an appropriate tool. In this paper, the application of laser sources with emission in the UV and at ns time regime to the surface structuration of metal surfaces (specifically Al) for the modification of their wettability properties is described as an attractive application basis for the generation of self-cleaning properties of extended functional surfaces. Flat aluminum sheets of thickness 100 μm were laser machined with ultraviolet laser pulses of 30 ns with different laser parameters to optimize the process parameters. The samples produced at the optimum conditions with respect to contact angle measurement were subjected to microstructure and chemical analysis. The wetting properties were evaluated by static contact angle measurements on the laser-patterned surface. The laser-patterned microstructures exhibited superhydrophobicity with a maximum contact angle of 180° for the droplet volumes in the range of 8-12 μl.
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Introduction
In recent years, the generation of functional surfaces emulating natural structures has gained considerable interest due to their potential industrial applications. Among the most sought functional properties, the high degree of water repellence (superhydrophobicity) characteristic of the lotus (Nelumbo nucifera) leaf has gained increasing interest for research due its anti-corrosion and low hydrodynamic friction properties [1, 2] .
Inspired by these water repellence and self-cleaning properties of the lotus leaf, successful attempts have been made to change the surface wettability of different materials in two main different ways or a combination of both: (a) by modifying the surface chemistry by means of chemical coatings in order to reduce the surface free energy [3] ; (b) by surface micromanipulation in order to generate micro/nano dual-scale (hierarchical) surface roughness patterns [4] .
Concerning the different methods for the achievement of the referred modification of wetting properties, www.degruyter.com/aot different kinds of techniques like photolithography, nanocasting, extrusion, placement of carbon nanotubes, etc., have been adopted with the common objective of creating a large-scale roughness in a variety of materials. However, these techniques suffer from weaknesses related to the high cost of projection masks and high development times in the different steps involved in creating the desired periodical roughness patterns.
At their turn, ultrafast laser sources can be used to create a variety of micro/nano structures in an open environment in a reliable way. Normally, the superhydrophobic property can be realized through a controlled ablation patterning of the surface and subsequent application of different chemical coatings on the machined area in order to decrease the generally high surface energy of the initially machined surface in a classical 'two-step' process.
However, recent studies on laser micromachining have demonstrated their ability to fabricate micro/ nanoscale features with very limited distortion to the peripheral area [5, 6] , and superhydrophobic effects were reported on ceramics using a single-step (i.e. direct laser ablation) procedure by one of the authors [3] .
Considering, on the other hand, that the application of an external coating material onto the laser-structured surface is, in general, undesirable (especially in the case of metallic surfaces) as it manipulates the surface chemistry with resulting limited durability of the superhydrophobic behavior, seeking for the capability of a one-step technique introducing the required modified wettability properties, especially in metallic substrates, seems to be a clear practical need. Different authors (see, i.e. refs. [7] [8] [9] ) have investigated thoroughly the application of short and ultrashort laser pulses, predominantly in the IR domain, to the ablation micromachining of different materials, including metals, concluding on the convenient use of lasers with pulses in the ps regime in order to avoid excess of material heat-affected zones and associate thermal effects. However, not much research has been published on the application of lasers with pulses in the ns regime and with emission in the VUV domain to the generation of surface micro/nanostructures. Several authors (see, i.e. refs. [10, 11] ) have, nevertheless, published interesting results on the application of ns laser pulses in different types of materials, showing that with the appropriate choice of laser parameters and processing strategies, nanosecond lasers can be used for high-quality micromachining in metals, ceramics, and polymers and that the detailed dependency of the surface quality for different materials and laser parameters is really very complex and deserves a particularized study for each kind of application. Concerning the concrete field of the transformation of the wettability properties of different metallic surfaces, several interesting studies have been published on the direct applicability of lasers at different fluence levels for the generation of different degrees of hydrophobicity (see, i.e. refs. [12, 13] ) and on the use of fs and ns pulses for the generation of multiscale surface features that are conceptually useful from the point of view of the generation of hierarchical surfaces [14] [15] [16] [17] [18] [19] .
On the basis of these advantageous possibility, the work presented in this paper deals with the use of ns lasers with emission in the UV (λ = 355 nm) to the controlled generation of different kinds of micro/nano features presumably leading to modified wettability properties (high degree of hydrophobicity) in typical metallic materials (Al being used as a representative sample).
Concretely, ns laser pulses were applied on flat substrates of aluminum (Al) to fabricate micropillars, two different geometries such as microchannels and micropillars having been studied with respect to the generation of high static contact angles (SCAs).
Experimental
Flat aluminum (Al) sheets, 100 μm thick, and negligible roughness were laser treated over 5 mm × 5 mm areas with the aid of a fully automated laser micromachining workstation incorporating a SpectraPhysics Pulseo ® 355-20 DPSS laser (Spectra-Physics, Santa Clara, CA, USA) with average power in excess of 20 W at λ = 355 nm and 100 kHz repetition rate at UPM Laser Centre (Figure 1 ).
The laser beam was guided over the sample surface by an optical system that included six mirrors, a beam expander, a digital scanner, and a lens with 250 mm focal length. The experiments were performed at fixed pulse duration of about 30 ns. The laser beam has Gaussian power density profile, and the machining was performed in atmospheric conditions with an apparent spot size of 15 μm. Two sets of samples were produced at a power 300 mW, with the geometry represents the CLSM 3D image of the microchannels fabricated with four values of P (10, 15, 20 , and 25 μm). The widths of the respective channels were measured to be about 3, 5, 7, and 8 μm. All the microchannels recorded a depth in the range of 1.75-2.75 μm. The melt and recast formation was expected provided a nanosecond laser processing regime was used. The depth difference may be related to the fact that molten materials coming from the subsequent channels would partially fill the previously fabricated channels. Moreover, the difference in the depth could also be related to the height of the piled recast layer or micro-wall-like structure above the substrate surface, and it recorded a height of 1-2 μm with respect to the original surface. The height and width of the micro-wall is influenced by the overlap of the recast layer formed on the adjacent microchannel edges. Further, the channels fabricated by P = 10 μm and 15 μm resulted into a near-broken state. The height of the micro-wall is influenced by melt ejection and the repeated melting of the recast by the low power density tail end of the Gaussian beam profile. Figure 3 shows the SEM images of microchannels fabricated with a power of 300 mW. The formation of the recast layer is observed to form along the direction of the laser machining. For the sample machined with P = 10 μm, the small horizontal shift produced very narrow microchannels, with an effective average channel width of 1.75 μm. The narrow width and reduced height can be attributed to repeated melting of the recast layer by the tail end of the Gaussian beam profile. The samples machined with P = 15 μm, 20 μm, and 25 μm have untreated metal surface between the channels, and this allows them to have higher depths (2-2.75 μm). The improvement in the depth of the microchannels is attributed to the increase in the height of the micro-walls.
Unlike in the case of the sample treated with P = 10 μm, the presence of spherically shaped particles on the top of the recast layer of these samples has been observed. The spherical-shaped particles are the result of the resolidification of metal vapor caused due to the ablation mechanism. Further, the aluminum surfaces have the debris spread over the unprocessed aluminum surface. The recast materials from the adjacent microchannels form an additional channel on the top surface with heights in submicron range. This submicron channels have been found to be advantageous with respect to the improvement of hydrophobicity of the metal surfaces. Figure 4 shows the confocal 3D image of the micropillars fabricated with four different values of P (10, 15, 20 , and 25 μm) with 300 mW laser power. The micropillars fabricated with P = 10 μm and P = 15 μm resulted into a scattered peak instead of peaks at regular intervals. of microchannels and micropillars. The microchannels and micropillars are separated by distance in the range of 10-25 μm. The distance is, hereafter, termed as pitch 'P' for future reference in the text. The detailed laser processing conditions are listed in Table 1 .
The laser-machined surface patterns were analyzed with scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscope (HITACHI, Model S-3000N ® , Hitachi Corporation, Japan) and confocal laser scanning microscope (CLSM, LEICA DCM 3D ® , Leitz Corporation, Wetzlar, Germany) to evaluate the geometry of the induced patterns. The hydrophobicity/water repellence of the samples was studied by measuring the static contact angle using the sessile drop technique, with a video-based optical contact angle measuring device (OCA 15 Plus ® from Data Physics Instruments, Filderstadt, Germany). Eight-microliter droplets of distilled deionized water were dispensed on the laser-machined surface structures under atmospheric conditions, and the static contact angle was calculated by analyzing droplet images recorded just after the drop deposition.
Results and discussion
Microchannels and micropillars have been fabricated with process parameters according to Heavy deposition of recast material on the top surface of the micropillars is observed in these samples, whereas the micropillars fabricated with P = 20 μm and P = 25 μm have debris deposition over a broader circumference area. The corresponding SEM images ( Figure 5 ) indicate the melt formation during the laser ablation. It is clear that the molten material solidifies along the direction of the laser motion. For all the four values of P, the channels are opened in one direction and closed on the perpendicular direction. This is caused by the ejection of the melt formed during the laser processing. In addition to the heavy piling up of recast material on the top edges of micropillars, sphericalshaped resolidified metal vapor structures are also found. This may be the self-cooled metal vapor from the plasma generated by laser ablation. In this kind of structures, the piling of the recast is observed to form a μ-cell or closed-packet-like structure on the top of the micropillars as shown in Figure 6 . In this case, the μ-cell structure is separated by 10-to 15-μm channels. Therefore, the laser-patterned aluminum surface has two different patterns such as micropillars and μ-cells, thus, reducing the fraction of solid area in contact with the water droplets. This fact provides an important advantage where water repellence is concerned. The closed microchannels act as micro packets and can hold small volumes of air trapped inside the pockets that, in turn, can be used to prevent the water to flush out the air inside the narrow microchannels.
The effect of the generated micropatterns on the wetting properties of the Al samples was evaluated by static sessile drop contact angle measurements, using a droplet size of 8 μl. The plain Al surface recorded a SCA value of 85±3°. The entire laser-patterned surface was highly hydrophilic within minutes of processing. The SCA measurements were performed after 24 h and after different successive time periods and invariably exhibited the hydrophobic character that provides a strong argument about the stability of the generated structures. The SCA measurements show an increase in SCA values with respect to P and starts declination beyond P = 20 μm for micropillar structures, as shown in Figure 7 . The SCA measurements on the microchannel patterns show a similar trend as the micropillars, and it saturates as the P is increased beyond 20 μm. For the cases where the water droplets are unable to dispense or land on the surface from the microsyringe, the normal sessile droplet technique is not applicable. The SCA of this kind of surface is considered to be 180° (see, i.e. ref. [16] ) or ultrahydrophobic surface. The low values of SCA for the sample processed with P = 15 μm may be due to the lack of formation of the μ-cell structure. Samples with micropillar geometry exhibited ultrahydrophobicity for the samples processed with P = 15 μm and 20 μm. The sample processed P = 25 μm recorded a SCA of 160°. When the droplet is dispensed on the laser patterned surface, the water droplet has contact only with the top edge of the μ-walls due to the small volume of air trapped in the μ-cell structures. The air bubbles act as cushion for the water droplet, thus, avoiding the contact with the bottom surface of the μ-cell structures. The contact line composed of solid-liquid-air has been explained by the Cassie-Baxter model [20] . The ultrahydrophobicity of the generated micropatterns may be clearly attributed to the formation of μ-cell structure on the top of the micropillars. However, the micropillar geometry recorded a decline in the SCA values as the P is increased from 20 μm. This reduction may be due to the increase in spacing between the μ-cell structures, which would confirm the proposed hypothesis. When a water droplet is dispensed on the surface, it wets the hydrophilic surface (which is marked as (α) on the top of the micropillar, Figure 6 ) and dewets the ultrahydrophobic μ walls. Therefore, when the P is increased, the water is exposed to the larger hydrophilic surface (α) and tends to land on the surface resulting in a SCA of 160°.
Conclusions
In the present study, the application of nanosecond laser pulses on the flat surfaces of aluminum (Al) in a one-step process leading to the generation of extended areas of stable superhydrophobic behavior has been discussed. Both laser-generated periodic structures consisting in laser channels and laser pillars have been successfully developed with the aid of a 30-ns pulse, 100-kHz repetition rate, and 300-mW average power laser emitting at λ = 355 nm working at a selected focus diameter and scan speed for different hatch distance values. The resulting micropatterns were evaluated by scanning electron microscopy (SEM) and confocal laser scanning microscopy (CLSM) in order to make apparent the material/geometrical parameters of the generated structures, and a direct measurement of the static contact angle (SCA) was performed in order to evaluate the wettability of the generated surface.
Among other interesting conclusions referring to the long-term stability of the generated patterns (mostly as a consequence of the intimate integration of recast into base material), a conceptually relevant methodology has been defined for the systematic generation of hierarchical-like micro/nano-structures fulfilling the conditions for the generation of superhydrophobic surfaces through the generation of μ-cells able to serve as air-trapping structures responsible for a substantially inhibited wettability of the substrate.
This development, clearly deserving further deeper studies in its road to industrial implementation, is now considered as the basis for the systematic single-step generation of large-scale extended surfaces with adjusted wettability properties as required by the different kinds of self-cleaning applications. Undoubtedly, the demonstrated possibility of use of ns lasers with their present-day industrial robustness and their amenability to processing workstations with high-throughput properties will contribute to the industrial implementation of the described developments. 
